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Introduction
Analysis of DNA-sequence variation (or allelic state) at a specific chromosomal location in an individual/genotype is referred to as genotyping. Variation in the DNA sequence may or may not have functional significance. For example, variation may result either in a synonymous or non-synonymous change in a codon. Such alterations may either cause a favorable change or deleterious mutations (mis-sense or non-sense) in an organism. Genetic variation may be small changes in frame (point-mutations, substitutions) or frame-shifts (insertions or deletions) (Jones et al. 2009 ). Nevertheless, these variations have been used as molecular markers to understand genome architecture as well as for plant breeding applications. Marker genotyping has various applications including parent genotype selection, screening mapping populations, genome mapping, trait mapping, germplasm diversity assessment, marker-assisted selection, linkage drag elimination in backcrossing and identification of genomic re-arrangements across taxa (Jain et al. 2002) .
Variation in germplasm collections has been harnessed at both the morphological as well as molecular level. When morphological traits, including plant height, tillering, photoperiod, seed type, texture, leaf shape, and flower colour, have been used for assessing and utilizing genetic variation, they are referred to as "morphological markers" (Tanksley 1983, Emami and Sharma 1999) . As morphological markers are normally limited in number, the genetics and breeding community found a need to use enzymes and DNA polymorphisms as markers, which are referred to as biochemical and DNA-based "molecular markers", respectively.
Although biochemical markers are also molecular markers, the term is mostly used to refer to DNA-based polymorphisms. Molecular markers can provide genomic information for plant evaluation before entering the next cycle of selection which is critical for success in plant breeding (Bagge and Lübberstedt, 2008) and also help track polymorphisms with no obvious phenotype.
Due to advances in automation coupled with the demand of increasing throughput in a costeffective manner, molecular marker technology has evolved during the last three decades.
Based on their degree of multiplexing capacity /throughput, i.e., number of genetic loci per experiment, available molecular markers can be classified into the following categories: (i) low-throughput (100s of loci on 100s of lines), (ii) medium-throughput (from 100s up to 1000s of loci on 1000s of lines, (iii) high-throughput (1000s of loci on 1000s of lines), and (iv) ultra-high throughput marker systems (from 1000s loci up to 50,000 loci on 1000s of lines) ( Figure 1 ). This article provides a brief overview of the different molecular markers in these categories with a major emphasis on emerging genotyping technologies including genotyping-by-sequencing (GBS). It is anticipated that new marker technologies/genotyping platforms will facilitate development of functional molecular markers (Table 1, Figure 1 ).
Low-throughput marker systems

Restriction fragment length polymorphisms (RFLPs)
RFLPs initialized the era of DNA marker technology during the 1980s in plant genetic studies and are, therefore, referred to as "First generation molecular markers" (Jones et al. 2009 ). The polymorphisms detected by RFLPs are due to changes in nucleotide sequences in recognition sites of restriction enzymes or due to insertions or deletions of several nucleotides leading to detectable shift in fragment size (Tanksley et al. 1989 (Graner et al. 1991) , and chickpea (Simon and Muehlbauer 1997) . Although these markers have also been used for trait mapping (see Varshney et al. 2005 , Gupta et al. 2010), they have not been found to be very useful for plant breeding applications. This can be attributed to the tedious and time consuming procedure involving their use as well as a general inability to automate the procedure.
Medium-throughput marker systems
The revolutionary advent of PCR during the 1980s stimulated development of different molecular marker types. A brief overview over some of these markers is provided below.
Random amplified polymorphic DNA (RAPDs)
RAPDs are probably the first PCR based genetic markers that were easy to use and inexpensive (Williams et al. 1990 ). RAPD markers are easy-to-use and less expensive as no prior sequence information is required. They are used as universal markers for species with little or no genomic resources available. RAPD markers have been extensively used in different plant species for fingerprinting, assessment of genetic variation in populations and species, study of phylogenetic relationships among species/subspecies and cultivars, and for many other purposes including gene tagging (see Gupta et al. 1999 ). However, RAPD markers are dominant that cannot distinguish between homozygous and heterozygous individuals. Furthermore, due to their random nature of amplification and short primer length, they are not a preferred choice for genome mapping. In addition, these markers do not exhibit reliable amplification patterns, are not reproducible, and vary with the experimental conditions (Huen and Helentjaris 1993, Ellsworth et al. 1993 ).
Simple sequence repeats (SSRs)
Simple sequence repeats (SSRs) or microsatellites were developed during 1990s and provided a choice for various studies since they are amenable to low, medium and high- 
Amplified fragment length polymorphism (AFLPs)
Amplified fragment length polymorphism is a multi-locus marker technique that combines the techniques of restriction digestion and selective PCR amplification of restriction fragments and can be applied to DNA of any origin or complexity (Vos et al. 1995) . The use of AFLP markers is cost-effective, since it needs moderate amounts of DNA, and a single assay allows simultaneous detection of a large number of co-amplified restriction fragments. 
High-throughput marker systems
Molecular breeding in general involves screening of large segregating populations with molecular markers. Therefore, screening of markers in a high-throughput manner can offer cost-effective marker genotyping and enhance adoption of molecular markers in plant breeding applications. In this context, genotyping of SSR markers in a high-throughput manner has been adopted by using ABI capillary sequencing electrophoresis and the Multiplex-Ready TM marker technology (MRT) (Appleby et al. 2009 ). Despite of those highthroughput SSR platforms, , costs are still prohibitive for many breeding programs.
Single nucleotide polymorphisms (SNPs)
Single nucleotide polymorphisms (SNPs) are the most abundant sequence variation in nature (frequency varies with each organism/species) (Rafalski 2002 
GoldenGate assays
Illumina"s GoldenGate assay provides SNP genotyping for genome-wide marker profiling. 
Ultra high-throughput marker systems
Some modern genetics and breeding approaches like genome-wide association studies (GWAS) and genome-wide selection (GWS) or genomic selection (GS) require genotyping of large populations with a large number of markers. Such studies require ultra-high throughput marker systems (Figure 1, Figure 2 ). 
Infinium assay for whole-genome genotyping
Genotyping-by-sequencing (GBS)
Recent advances in NGS technologies have helped us in providing unmatched discovery and characterization of molecular polymorphisms e.g. SNPs. However, before assaying the identified polymorphisms, there is a need to develop the genotyping platform. Genotypingby-sequencing (GBS) is an approach that identifies and genotypes the SNPs simultaneously.
GBS is a robust, cost-effective, highly multiplexed sequencing approach considered a powerful approach for association studies and also to facilitate the refinement (anchoring and ordering) of the reference genome sequence while providing tools for GAB. With the continuous increase in NGS machine output, thereby continuous reduction in cost/sample, GBS approach involves the use of restriction enzymes (REs) for reducing the complexity of genomes followed by targeted sequencing of reduced proportions, so that each marker can be sequenced at high coverage across many individuals at low cost and high accuracy. Overall, the process of GBS involves the following sequential steps: (i) isolation of high quality DNA, has been also developed and tested in wheat and barley recently (Poland et al. 2012) . A workflow of GBS has been presented in Figure 3 . Comparison of GBS approach with other marker systems has also been presented in Table 1 .
The choice of an appropriate RE is a critical factor in GBS approach for masking the repetitive regions of the genomes and, thereby, increases the chance of sampling markers from hypo-methylated gene rich regions of the genome. In the original GBS approach used in case of maize and barley, only one RE "ApeKI" (methylation-sensitive enzyme) was used to reduce the complexity and to select hypo-methylated regions of genome for sequencing (Elshire et al. 2011 ). However, recently, two REs (one""rare-cutter"" and one ""common- In summary, GBS is a highly multiplexed approach that can typically lead to the discovery of The GBS approach can be used even in those plant species that do not have the reference genome available. In such cases, the sequence tags can be treated as dominant markers for kinship analysis. Moreover, availability of the genome sequence in a given species helps in increasing the number of marker loci analyzed through imputation.
Cost effectiveness of different high-throughput markers
One of the critical requirements of deployment of markers in molecular breeding programs is their cost effectiveness. While comparing different high-throughput markers systems, the to ~$9.00 for a 384-plex assay. It is, therefore, obvious that the increase in throughput of markers is coupled to a reduction in their costs. Therefore, advances in NGS technologies will continuously help in reducing the costs of sequencing and, thus, the reduction in the cost of marker development and application (Davey et al. 2011 ).
Summary and outlook
As is evident from the discussion above, that varying levels of throughput (low to ultra-high) are available. Thus, an appropriate marker system can be selected based on the need. For instance, Illumina"s GoldenGate assays and Infinium assays as well as DArT markers are suitable for the construction of genetic linkage maps and GWAS studies, but these marker systems may not be suitable for molecular breeding applications such as marker-assisted selection (MAS), or marker-assisted backcrossing (MABC). One of the reasons for this is that genotyping costs for all the SNPs present in GoldenGate or Infinium assays is in lieu of only few informative SNP markers that are linked to the traits of interest. Alternatively, the associated markers present in GoldenGate or Infinium assays need to be converted into a user-friendly assay like KASPar or TaqMan assays. KASpar assays have become very cost effective in case of large populations (Figure 2 ). SNP markers that are transferable across different genotyping chemistries will serve as flexible selection tools for plant breeders in marker-assisted selection (MAS). However, technical issues may jeopardize the conversion and application of a particular marker for MAS (Mammadov et al. 2011 For marker genotyping of a large number of marker loci for applications such as genomewide association studies (GWAS) and genomic selection (GS), the GBS approach seems to be the best approach in terms of costs as well as throughput. With the increasing availability of reference genome sequences in a range of crop species, GBS is going to be the approach of choice in majority of the plant species in the coming years. It is anticipated that availability and routine use of GBS technology may re-orient molecular breeding programmes from MAS to GS, which will allow the realization the full potential of genomics-assistsed breeding in crop improvement. 
Marker assay platforms for plant genetic analysis
A diagrammatic representation of utilization of different sequencing platforms for marker discovery and their subsequent use in plant genetic analyses.
A workflow for genotyping-by-sequencing (GBS) approach
A schematic representation of various steps involved in GBS approach, adapted from 
